Abstract Meiosis comprises two rounds of nuclear division following a single phase of DNA replication, leading to the production of haploid gametes and is essential for sexual reproduction in eukaryotes. Unlike mitosis, meiosis involves homologous chromosome pairing, synapsis, and recombination during prophase I. Meiotic recombination not only ensures the accurate segregation of homologs, but also redistributes alleles among offspring. DNA synthesis is a critical process during meiotic recombination, but our understanding of the proteins that execute and regulate it is limited. This review summarizes the recent advances in defining the role of DNA synthesis in meiotic recombination through analyses of DNA synthesis genes, with specific emphasis on DNA polymerases (e.g., Pole and Pold), replication processivity factor RFC1 and translesion polymerases (e.g., Polf). We also present a new double strand break repair model for meiotic recombination, which includes lagging strand DNA synthesis and leading strand elongation. Finally, we propose that DNA synthesis is one of critical factors for discriminating meiotic recombination pathways and that this differentiation may be conserved among eukaryotes.
Introduction
Meiosis is a specialized cell division required for sexual reproduction in eukaryotes. In the mitotic cell cycle, DNA replication is followed by a single round of cell division accompanied by the segregation of sister chromatids into daughter cells. In meiosis, DNA replication is followed by two rounds of nuclear division (meiosis I and meiosis II). The first division segregates homologous chromosomes (homologs), whereas the second division segregates sister chromatids, resulting in the formation of four haploid nuclei. Both meiosis I and II are divided into four stages: prophase, metaphase, anaphase and telophase. Meiosis II is similar to mitosis, while meiosis I is unique and involves homolog interactions, including pairing, synapsis, and recombination, and segregation.
Prophase I is the longest phase occupying about 85 % of meiosis in Arabidopsis [1] . It can be further divided into five stages: leptotene, zygotene, pachytene, diplotene and diakinesis ( Fig. 1) . Before meiosis begins, pre-meiotic DNA replication produces pairs of sister chromatids, held together by cohesion complexes. Upon entry into leptotene, condensin complexes gradually compact chromatids to form thin threadlike structure discernable by light microscopy. During the leptotene-zygotene transition, initiation of meiotic recombination facilitates pairing of homologous chromosomes in a DNA sequence homology-dependent manner [2] , which promotes the juxtaposed alignment of homologs at the zygotene stage. Subsequently, the synaptonemal complex (SC), a tripartite structure consisting of two parallel lateral elements and a central element, forms between homologs, and is thought to facilitate recombination by stabilizing homologous association. Synapsis begins during zygotene and culminates in pachytene when the fully synapsed homologs are visible as thick threadlike structures. Following the disassembly of SC after pachytene, two homologs are associated in a formation called a bivalent by sister chromatid cohesion and chiasmata. Importantly, chiasmata can be seen at this stage using light microscopy and is used to quantify the frequency and distribution of meiotic crossovers (COs). Subsequently, during diakinesis the bivalents become highly condensed in preparation for their arrangement on the metaphase plate ( Fig. 1 ).
During these processes, meiotic recombination plays a critical role by physically associating homologs and ensures accurate chromosome segregation. In addition, meiotic recombination redistributes genetic material between homologs, resulting in haplotype diversity among progeny, impacting ecological adaptability and species evolution. Meiotic recombination is initiated by the enzymatically mediated formation of double strand break (DSB), followed by strand invasion, DNA synthesis and ligation. Despite the fact that DNA synthesis is an essential step in these pathways, relatively little is known about the proteins that facilitate or regulate it. Recently, a number of reviews have summarized the advances of other meiotic processes [3] [4] [5] [6] [7] [8] [9] . In this review, we will briefly discuss premeiotic DNA replication, followed by a more extensive review of the DNA synthesis gene products and their cofactors that are important for meiotic recombination. We will emphasize the results from recent molecular and genetic studies of DNA synthesis related genes in Arabidopsis, but also draw on data from other organisms as appropriate. Using these data, we propose a new model of RNAi and rfc1-2 by chromosome spreads stained with DAPI. Some images are modified from our previous publications [44, 49] . Scale bar: 5 lm Sci. Bull. type I meiotic recombination and provide new insights into the role of DNA synthesis in differentiating meiotic recombination pathways.
Pre-meiotic DNA replication
Much of our understanding of pre-meiotic replication comes from studies using Saccharomyces cerevisiae. Initiation of both pre-meiotic and pre-mitotic DNA replication are similar in that they both require the MiniChromosome Maintenance (MCM) proteins for pre-replicative complex installation [10, 11] , as well as leading strand and lagging strand replicative DNA polymerases and their associated factors. In S. cerevisiae, Cell Division Cycle 45 (CDC45), together with the MCM complex, is required for mitotic DNA replication initiation [12, 13] . The Xenopus CDC45 homologue has been demonstrated to load DNA polymerase a onto DNA [14] . The Arabidopsis CDC45 homologue is highly expressed in young flower buds [15] , suggesting a role in meiosis. Arabidopsis CDC45 null alleles have an embryonic lethal phenotype, but RNAi knock-down transgenic plants (AtCDC45 RNAi ) enable the observation of adult phenotypes and the demonstration that a decrease in AtCDC45 transcripts results in reduced fertility. Chromosome spreads from AtCDC45
RNAi meiocytes revealed fragmented chromosomes, which are independent of SPO11-catalyzed meiotic DSBs. This result suggests that the chromosome fragments in AtCDC45
RNAi meiocytes are likely caused by incomplete pre-meiotic DNA replication. Interestingly, in mouse, the Cyclin Dependent Kinase CDK2, which recruits CDC45 to the replication fork, is indispensable for chromosome segregation in meiosis but not for mitotic cell division [16] .
Several other differences between mitotic DNA replication and pre-meiotic DNA replication have been reported. The temperature-sensitive pat1 mutant from Schizosaccharomyces pombe grows normally at permissive temperatures, but at 36°C, haploid cell can undergo DNA replication and two rounds of meiotic nuclear division to generate four uneven nuclear bodies, resulting in cell death [17] . In the pat1 mutant background, at permissive temperatures, a mutation of the catalytic subunit of DNA polymerase d, CDC6/Cdc18, does not affect DNA replication during S phase, but causes a failure of the cell to enter M phase, reflecting checkpoint surveillance during mitotic S-M phase transition. By contrast, at the restrictive temperature, the pat1 cdc6/cdc18 double mutant is able to complete both pre-meiotic DNA replication and the subsequent meiotic progression [18] , indicating a difference in checkpoint control between pre-meiotic and mitotic S phase. Another difference is the prolonged S phase of premeiotic DNA replication [19] . A recent study in S. cerevisiae provides evidence that the initiation sites of meiotic recombination by the programmed DSB formation is coordinated with the pre-meiotic DNA replication [20] . The mechanism for linking replication with DSB formation was revealed by the discovery of the cyclin dependent kinase DDK and its recruitment to the replication fork by two replisome components; furthermore, DDK-dependent phosphorylation of Mer2 is required for subsequent DSB formation [20] .
3 Development of the double strand break repair model for meiotic recombination Meiotic recombination was first described by Frans Alfons Janssens using cytology in the salamander Batracoseps attenuatus in 1909 [21] and then further elaborated at the genetic level in Drosophila by Thomas H. Morgan [22] . In 1964, the British molecular biologist Robin Holliday, proposed a molecular model for meiotic recombination that featured symmetrical nicking and strand exchange between the recombining chromatids [23] . Lack of symmetry in the products of meiotic exchange led to the replacement of the Holliday model with the double strand break repair (DSBR) model [24, 25] . Subsequently, DSBs generated by the topoisomerase-like SPO11 was proposed to initiate meiotic recombination [26] (Fig. 2 ). The removal of SPO11 and its associated 5 0 oligonucleotide is called ''strand resection'', a process that is carried out by the MRE11-RAD50-NBS1/XRS2 (MRN/X) complex to generate single-stranded 3 0 overhangs (Fig. 2) . The singlestranded DNA (ssDNA) is protected by replication protein A (RPA) [27] . RPA is then replaced by RecA-like proteins RAD51 [28] and meiosis-specific DMC1 [29] to form a nucleoprotein filament, which invades the homologous chromosome, displacing one strand and annealing to the other to create a D-loop and generate an intermediate joint molecule called a single end invasion (SEI). Using the invading 3 0 end as a primer and its homologous stand as a template, the action of DNA synthesis extends the D-loop. Following DNA synthesis dependent D-loop expansion, sequences homologous to the 3 0 single-stranded tail at the second side of the original DSB are exposed and can anneal in a process called second end capture. Additional DNA synthesis, and DNA ligation results in formation of a double Holliday Junction (dHJ) that is resolved to yield crossovers (COs) and, theoretically, non-crossovers (NCOs).
In most organisms, only a minority of DSBs are processed via the DSBR pathway to form COs, while the vast majority (*95 % in Arabidopsis) are processed as NCOs via an alternative pathway called the synthesis dependent strand annealing (SDSA) pathway. SDSA shares the same initial steps as DSBR, but instead of completing second end capture, the invading strand dissociates from the homologous chromatid, re-anneals to 3 0 single-stranded tail at the opposite side of the original DSB, and undergoes gap-filling DNA synthesis to produce a NCO. The COs resulting from the DSBR pathway can further be divided into ZMM proteins (e.g. ZIP1, MSH4 and MER3)-dependent, interference sensitive (type I) pathway resolved from double Holliday Junction intermediate and a MUS81-dependent interference insensitive (type II) pathway [30] resolved from a single Holliday Junction intermediate (Fig. 2) . Type I COs contribute *85 % of the total CO in budding yeast and Arabidopsis, while Type II COs contribute the remaining 15 % [30, 31] . On the other hand, Type II COs are the only ones in S. pombe [32] .
In the last several decades, molecular genetic studies have identified many genes required for different aspects of meiotic recombination using variety of model species [7, [33] [34] [35] [36] . However, few DNA synthesis components associated with meiotic recombination have been described. DNA synthesis during meiotic recombination may share factors with those required during DNA replication. As a result, lesions in these genes are potentially lethal to the embryo or other mitotic cells, making it difficult to study their roles in meiosis. It was observed that Arabidopsis male meiocytes express many DNA synthesis genes [37] , suggesting a potential role for DNA synthesis factors in meiosis. [24] the model for DNA replication developed in yeast, one of the family B members, DNA polymerase e is the primary enzyme for leading strand elongation [39] . Studies of its largest catalytic subunit (POL2 in S. cerevisiae) in human showed that it has an essential role in mitosis [40] , consistent with its predominant function in DNA replication. Arabidopsis has two paralogs: POL2A and POL2B. POL2A is expressed in male meiocytes, in which POL2B is almost undetectable [37] , suggesting that POL2A may also be required for meiosis. Previous studies have shown that null alleles of the POL2A in Arabidopsis are lethal [41] , supporting a crucial role in mitotic DNA replication. However, studies from both the budding and fission yeasts found that, unlike the essential C-terminal portion, the N-terminal portion of POL2, including the exonuclease and polymerase domains, is dispensable for cell viability [42, 43] , but required for DNA replication fidelity. A similar situation was also found in Arabidopsis. A T-DNA insertion in the C-terminal region of POL2A [44] is a likely null allele, while both another T-DNA insertional allele (pol2a-1) and a point mutation (pol2a-2) in the N-terminal region have normal vegetative growth, suggesting normal mitotic DNA replication function. However, both the N-terminal mutants have greatly reduced fertility, with noticeably shorter than normal siliques and a substantial pollen lethality. In addition, up to *40 % of the mutant meiocytes produce abnormal polyads, indicating a defect in meiosis [44] .
Chromosome spreads stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) showed that pol2a-1 meiocytes from leptotene to pachytene had no obvious difference from those of WT (Fig. 1) [36] . However, chromosome specific fluorescence in situ hybridization (FISH) using a unique bacterial artificial chromosome (BAC) probe showed nonhomologous chromosome associations at both pachytene and metaphase I stages, with the formation of multivalents at diakinesis and subsequent chromosome fragmentations at anaphase I in *20 % of the pol2a-1 meiocytes (Fig. 1) . Further genetic analysis of the pol2a-1 spo11-1-1 double mutants showed that the multivalent and chromosome fragmentation phenotypes are dependent on the formation of meiotic DSBs. This is further supported by the observation that pol2a-1 and wild type meiocytes had similar numbers of DSB foci at zygotene as measured by immunohistochemistry with c-H2AX (a histone variant marking DSB site) and RAD51 specific antibodies. However, delay of c-H2AX and RAD51 signals at pachytene in the pol2a-1 mutant suggests a defect in DSBR [44] . Whether the delayed in DSBR is caused by a defect in DNA synthesis is unclear, because a molecular marker for quantitatively measuring DNA synthesis during meiotic recombination has yet to be developed. Nonetheless, it is thought that DNA synthesis during meiotic recombination is stage-dependent [45] . For example, DSBR starts at zygotene and concludes at pachytene. By comparing the proportions of leptotene to pachytene meiocytes over a time course, pachytene meiocytes were delayed by *1-2 h in pol2a in comparison with the wild type [44] . These results indicate that POL2A functions in the progression of meiotic recombination.
Double mutant analysis of pol2a with alleles in genes required for either type I or type II pathways suggests POL2A works exclusively in the Type I CO pathway. This is supported by the observation that pol2a-1 had reduced numbers of Type I COs as measured by immunohistochemistry with antibody against MLH1, a Type I CO indicator [44] . Using a quantitative visual assay for CO frequency, pol2a was shown to have altered distribution of COs and diminished CO interference [46] . Given that the similar multination in yeast Pol2 caused the efficiency in leading strand elongation, these results provide strong evidence that sufficient leading strand elongation plays an important role in facilitating interference-sensitive crossovers.
The role of lagging strand DNA polymerase d and a in meiotic recombination
During DNA replication, leading strand synthesis proceeds continuously, while lagging strand synthesis results in a discontinuous series of Okazaki fragments [47] . Each Okazaki fragment requires the family B members of DNA polymerase a and d, its processing cofactors proliferating cell nuclear antigen (PCNA), and PCNA's loader RFC. The first evidence supporting a role for lagging strand synthesis factors in meiotic recombination came from a forward genetic screen for meiotic gene conversion mutants in S. cerevisiae. This screen identified a mutant pol3-ct, which lacks the last four amino acids of the catalytic subunit of DNA polymerase d [48] . Surprisingly, pol3-ct showed no obvious DNA replication defect, but reduced gene conversion tract length and crossover frequency [48] , suggesting that lagging strand synthesis factors have a substantial function in meiotic recombination. Arabidopsis has homologs of DNA polymerase a and d. Meiosisspecific knockdown of the catalytic subunit of DNA polymerase a(POLA1) in Arabidopsis leads to reduced fertility with shortened siliques and meiotic defects with entangled and fragmented chromosomes during meiotic prophase I (Fig. 1) , further supporting the idea that a role for lagging strand synthesis in meiotic recombination may be highly conserved.
DNA polymerase possessive cofactor RFC
Replication Factor C (RFC) is a DNA dependent ATPase and functions as a loader of PCNA necessarily for Sci. Bull. stabilizing DNA polymerase d during lagging strand replication on the replication folk [39] . RFC1 is the largest of five subunits of the RFC complex in eukaryotes including Arabidopsis. Like the DNA polymerase e and d mutants described above, null alleles of Arabidopsis RFC1 are embryo lethal. However, rfc1-1, a point mutation in C-terminal region, displays defects in vegetative development and fertility, suggesting a partial defect in mitotic DNA replication. In contrast, rfc1-2, a C-terminal intronic T-DNA insertion, has a normal vegetative phenotype, but greatly reduced fertility, indicating normal mitotic DNA replication function. Compared to WT, rfc1-2 produced abnormal polyads of five to eight microspores at the tetrad stage of pollen development, indicative of a meiotic defect [49] . Analysis of chromosome morphology by DAPI staining showed that rfc1-2 had no obvious defect through zygotene (Fig. 1 ), but exhibited a partial defect in synapsis, in contrast to pol2a-1 which had normal synapsis. At pachytene, rfc1 mutants showed non-homologous chromosome associations, similar to those observed in pol2a-1. Subsequently, multivalents and chromosome fragmentation were also observed, but the chromosome fragmentation was more severe than that of pol2a-1 [49] (Fig. 1) , suggesting that RFC1 may act in the same meiotic recombination pathway as POL2A.
The rfc1 mutants showed a similar delay in the pachytene peak to that observed in pol2a mutants [49] , suggesting a defect in meiotic progression. Double mutant analysis of rfc1 with genes required for different stages of meiotic recombination supports its function in a SPO11-1 dependent pathway acting downstream of RAD51 that produces type I COs. As expected, the total number of COs in rfc1-2 is greatly reduced and the residual COs are interference insensitive [49] . This is consistents with the pol2a mutant, which heavily compromises the total CO frequency (see above).
Given that the basic function of RFC1 is to load PCNA, it is reasonable to speculate that PCNA may also participate in meiosis. Indeed, Arabidopsis has two homologs of PCNA1 and PCNA2, which are expressed abundantly in male meiocytes [37] , suggesting a potential role in meiosis. Additional support for a role of PCNA in meiosis is that, in a yeast in vitro reconstituted system, loading PCNA by RFC complex facilitates Pold leading DNA synthesis efficiently using the invading 3 0 -end to initiate DNA synthesis in a D-loop [50] . Consistently, both PCNA mutants pol30-52 and pol30-201 raised meiotic segregation defect rate in budding yeast [51] , indicating that PCNA may also have a role in the initiation of recombination-associated DNA synthesis following single end invasion.
Translesion synthesis polymerases
In addition to high-fidelity replicative DNA polymerases, another type of low-fidelity DNA polymerase, translesion synthesis polymerase (TLSP) is also required for DNA replication coupled repair in both eukaryotes and prokaryotes. When the replication fork encounters a DNA lesion, TLSPs are activated to repair the damage. Due to the low processivity of TLSPs, after bypassing the DNA damage, replicative DNA polymerases are reactivated to replace the TLSP once DNA replication resumes. TLSPs in budding yeast includes Polg, Polf and polymerase Rev1. Polg and Rev1, encoded by RAD30 and REV1 respectively, are Y-family DNA polymerases. Polf is composed of REV3 and REV7, and belongs to the B-family polymerases like Pola, Pold and Pole [52] . It also share Pol31 and Pol32 subunits with Pold [52] , suggesting a potential role in meiosis. Recent work in yeast showed that the TLSP proteins REV1, RAD30, REV3 and REV7 are induced at prophase I after pre-meiotic replication. Triple mutants of rev1 and rad30 with either rev3 or rev7 have significantly reduced meiotic recombination rates. The physical interaction of these proteins with proteins required for meiotic recombination also supports a role in meiosis [53] . However, a specific mechanistic role of TLSPs in meiosis remains to be determined.
Formation of meiotic COs likely involves more DNA synthesis than NCO
At several points, the DNA synthesis that occurs during recombination is primed from the 3 0 end of one parental chromatid but uses a non-sister chromatid as a template. As a result, sequence information can be transferred between chromatids without the exchange of flanking markers (Fig. 2) -a process called gene conversion [54, 55] . Initial estimates using restriction endonuclease mapping of a single meiotic recombination hot spot in yeast suggested CO-associated conversion tracts (COCTs) and non-crossover-associated conversion tracts (NCOCTs) are *1.4 and *1.6 kb respectively [56] . Higher resolution analysis using immunoprecipitation of 5-Bromo-2-deoxy Uridine (BrdU) labeled DNA suggested that COCTs and NCOCTs differ and are 1.9 kb and 0.8 kb, respectively [45] . Interestingly, these estimates agree with previous single-locus observation in humans [57] and mouse [58] , and a subsequent genome-wide microarray study in budding yeast as well [59] . The development of high throughput sequencing enabled the analysis meiotic recombination in budding yeast within the four spores produced from individual meioses at single-base resolution [60] . Based on 46 thousand single nucleotide polymorphisms (SNPs), 91 COs and 21 NCOs were detected and maximum COCT lengths ranged from 164 to 10,637 bp, while maximum NCOCT lengths ranged from 1,109 to 7,575 bp. When the minimum size of the CO and NCO related gene conversion tract lengths were estimated, the related largest minimum sizes of CO and NCO are larger than 7 kb and 6.5 kb, respectively. These results infer that COCTs have various size, either less than 200 bp, or rather extensive to several thousand bp.
In Arabidopsis the quartet1 (qrt1) mutant enables the same type of analysis of gametophytes (pollen) in sets of four (tetrads) derived from individual meioses [61, 62] . Pollen tetrads from one accession (Columbia-0) are used to pollinate a second polymorphic accessions (Landsberg erecta) resulting in four viable F1 seeds, which can be resequenced to detect recombination events. Using this method, 18 COs and 4 NCOs were detected. The maximum lengths of meiotic recombination related gene conversion were estimated to range from 306 to 3,288 bp, with a median of 1,115 bp. About half of COCTs were less than 1 kb, and one fifth were larger than 2 kb [63] . These results were supported by the subsequent study of 13 Arabidopsis tetrads, which estimated the maximum COCT lengths ranged from 127 to 12,127 bp, with a 889 bp median [64] . A recent study in maize measured 5 fined-mapped COs, and estimated COCT lengths from 220 to 1,875 bp [65] . Together, these results suggest an average COCT length of 558 bp in plants. This value corresponds closely to one derived from an independent method in Arabidopsis which assayed gene conversion at 7 transgenic test loci in 1.05 million tetrads to estimate an average gene conversion tract length of 605 bp [54] . It is notable that these estimates are considerably shorter than maximum median COCT length of 2,643 bp in budding yeast [60] and also suggests that COCT lengths are vary both within and between species.
6 A proposed new model of interference sensitive meiotic recombination pathway
In current models of meiotic recombination (Fig. 2) , RAD51 and DMC1 facilitate 3 0 single end invasion following DSB formation by SPO11. Using the invading 3 0 -end as a primer and one strand of a non-sister chromatid as a template, DNA synthesis extends the D-loop enabling second end capture and resulting in the formation of a dHJ, which is resolved to yield a CO or, at least theoretically, a NCO. Evidence from S. cerevisiae suggests that the primary products of the DSBR pathway are COs [66] . The mechanistic origin of NCOs has not been determined in plants, but current models assume that, as in yeast, they primarily arise from the SDSA pathway. Based on this assumption, most DSBs are thought be repaired to yield NCOs via SDSA pathway, while the rest are processed into interference sensitive and insensitive COs depending on ZMMs and MUS81 proteins, respectively (Fig. 2) .
As described above, molecular genetic evidence supports that both DNA leading and lagging strand synthesis factors are required for the formation of meiotic type I crossovers. Since the primary function of those genes are essential for DNA replication, we incorporated both lagging strand synthesis and leading strand elongation in a revised DSBR model, mainly focusing on the type I pathway (Fig. 3) . In the proposed new model, we differentiate type I COs into two sub-types by the length of COCT. Using an average length of Okazaki fragment within 100-200 bp for lagging strand synthesis [67] , a threshold of 200 bp was selected to distinguish long COCTs ([200 bp) from short COCTs (\200 bp). Since both leading and lagging strand synthesis factors are required for the formation of type I COs, it appears that both long and short COCTs depend on coordination of leading and lagging strand synthesis. The fact that long COCTs require more leading strand elongation is consistent with the 
Perspectives
Comparison of the Arabidopsis male meiocyte transcriptome with those of somatic tissues revealed over 16,000 expressed genes in both mitotic cells and meiocytes, including DNA replication genes [37] . This supports the idea that mitotic DNA replication and meiotic recombination share components of the DNA synthesis machinery.
These genes are often difficult to study in meiosis because loss of their function causes embryonic lethality. A combination of approaches has made Arabidopsis an excellent system for overcoming these difficulties. Several genes have been identified as being involved in these processes, with the exception of the DNA synthesis factor following single end invasion. The use of gene knockdown with the meiosis-specific DMC1 gene promoter provides a feasible approach to investigate the meiotic functions of essential genes, such as POL2A and RFC1 described in this review.
There is now strong genetic evidence to support a role for lagging strand synthesis and leading strand elongation in meiotic recombination, but the underlying molecular mechanisms remain to be fully elaborated. Both meiotic COs and NCOs require DNA synthesis, current data from sequencing also suggest that COs require more DNA synthesis than NCO [63] [64] [65] . However, analysis of the role of DNA synthesis in NCOs remains relatively uncharacterized. Emerging evidence points to a role for either Pold or Pole in NCO formation. In yeast homologous recombination, Pold, instead of Pole, as a major DNA polymerase is preferentially recruited to extend the 3 0 -end in a D loop [72, 73] . Researchers also observed post meiotic segregation (PMS) [60] . It is thought that PMS reflects the segregation of unrepaired heteroduplex DNA from meiosis. Another report demonstrated that DNA synthesis associated with DSBR in meiosis has a significantly lower accuracy than mitotic DNA replication [74, 75] . Together, these data suggest the mismatch repair or proofreading machinery may be inefficient in meiotic DSBR in plants. Because Pold, rather than Pole, has a substantial role in both mismatch repair and proofreading [76, 77] , it is more likely that Pole is used in NCO DSBR. Unfortunately, this does not provide an explanation for why the chromosome fragments observed in pole and pold mutants are less extensive than those observed in rad51, which is essential for all DSB repair. This discrepancy hints at other unknown DNA polymerases or functional redundancy among DNA polymerases involved in NCOs DNA synthesis.
